The purpose of this study was to develop a compendium of wheelchair-related physical activities. To accomplish this, we conducted a systematic review of the published energy costs of activities performed by individuals who use wheelchairs. A total of 266 studies were identified by a literature search using relevant keywords. Inclusion criteria were studies utilizing individuals who routinely use a manual wheelchair, indirect calorimetry as the criterion measurement, energy expenditure expressed as METs or VO 2 , and physical activities typical of wheelchair users. Eleven studies met the inclusion criteria. A total of 63 different wheelchair activities were identified with energy expenditure values ranging from 0.8 to 12.5 kcal·kg -1 ·hr -1 . The energy requirements for some activities differed between individuals who use wheelchairs and those who do not. The compendium of wheelchairrelated activities can be used to enhance scoring of physical activity surveys and to promote the benefits of activity in this population.
Individuals with traumatic injury, congenital defects, mobility issues related to aging, and chronic diseases such as diabetes and cardiovascular disease often use wheelchairs to enhance their mobility and offset their physical limitations (Fitzgerald et al., 2007) . Wheelchair use has increased worldwide over the past two decades (LaPlante, Hendershot, & Moss, 1992; Le & Price, 1982; McGuire, Strine, Okoro, Ahluwalia, & Ford, 2007) . Since 1980, wheelchair use in the United States has increased at a rate of about 5% per year (Fitzgerald et al., 2007; LaPlante et al., 1992; LaPlante & Kaye, 2010) . Current estimates are that 3.3 million people in the United States use wheelchairs (LaPlante & Kaye, 2010) . Thus, it is important to be able to assess physical activity in this population to obtain more accurate quantifications of energy expenditure.
Because of the reduced muscle mass involved in locomotion during wheelchair use, individuals who use wheelchairs have lower levels of leisure time and habitual physical activity energy expenditure than individuals who do not (Heath & Fentem, 1997) . In addition, people with any disability (defined as a persistent limitation in any activity due to physical, mental, or emotional problem that lasts six months or more) have higher rates of obesity (Kinne, Patrick, & Lochner Doyle, 2004; McGuire et al., 2007) and lower levels of physical activity (Heath & Fentem, 1997; McGuire et al., 2007) than individuals without a disability. Diseases associated with low levels of physical activity and obesity, such as cardiovascular disease (CVD) and diabetes, are the leading causes of death in individuals who use wheelchairs (Cooper et al., 1999; Dallmeijer, Hopman, & Van der Woude, 1997; Dearwater et al., 1986) , as is the case for the general U.S. population; however, cardiovascular risk factors (elevated diastolic blood pressure, triglycerides, and c-reactive protein) are higher in people who use wheelchairs than in individuals who do not (Dallmeijer et al., 1997; Dearwater, LaPorte, Cauley, & Brenes, 1985; Devillard, Rimaud, Roche, & Calmels, 2007; Imai, Kadowaki, & Aizawa, 2004; Krum et al., 1992; Liang, Chen, Wang, Rimmer, & Braunschweig, 2007; Morse et al., 2008) .
The measurement of physical activity in individuals who use wheelchairs is important for several reasons, including (a) physical activity surveillance, (b) quantifying relationships between physical activity and health outcomes, and (c) tracking longitudinal progress of participants in intervention studies. One of the most common methods of assessing physical activity is through the use of physical activity questionnaires. These instruments typically ask respondents to report the frequency and duration of activities they have performed over a specified time frame or during a "usual week" (Washburn, Heath, & Jackson, 2000) . Researchers can then score these questionnaires to arrive at quantitative estimates of physical activity energy expenditure. Several physical activity compendiums have been developed for the general population of adults (Ainsworth et al., 1993 (Ainsworth et al., , 2000 Kozey, Lyden, Howe, Staudenmayer, & Freedson, 2010) , but they have tended to exclude the energy costs of wheelchair activities. It is quite plausible that there are differences in energy cost of activities common to both individuals who use wheelchairs and those who do not, because many physical activities are weight bearing and require use of the lower body, and individuals who use wheelchairs may have functional limitations that could impact their levels of energy expenditure. In addition, the wide range of conditions requiring the use of a wheelchair (including spinal cord injury [SCI] at different levels of injury; amputation; congenital spinal cord defects, etc.) further complicates the issue, since they affect the amount of muscle mass available for recruitment. In theory, this could confound the energy expenditure predictions.
Previously published reviews of energy expenditure in individuals who use wheelchairs have been limited to wheelchair users who have a SCI (Buchholz & Pencharz, 2004; Price, 2010) . Wheelchair use can be divided into three groups: (a) persons who have lost lower limb function (spinal cord injury, arthritis, cerebral palsy, poliomyelitis, multiple sclerosis, muscular dystrophy, stroke/brain trauma, bilateral amputation), (b) persons with insufficient postural stability (brain damage, cerebral palsy, cancer of the spine), or (c) persons with general debilitation (aging, obesity, temporary illness; Wilson, 1986) . The most common reasons for limitations due to wheelchair use include arthritis (25.5% of all wheelchair users), back or spine problems (17.3%), diabetes (13.5%), heart troubles (13.1%), and lung or respiratory problems (10.7%; LaPlante & Kaye, 2010) . Spinal cord injury is the 14th most common reason for limitations due to wheelchair use (3.3%; LaPlante & Kaye, 2010) .
Currently, there is no comprehensive source of energy expenditure data for the general population of individuals who use wheelchairs. Thus, the purpose of this paper was to develop a compendium of physical activities for individuals who use wheelchairs. To accomplish this, we used a systematic review of the published energy costs of activities performed by individuals who use wheelchairs. This compendium of wheelchair physical activities will be useful as a resource for scoring physical activity questionnaires and estimating energy expenditure in this population. In addition, this compendium will provide a comprehensive resource for use by organizations that make exercise and activity recommendations for individuals who use wheelchairs.
Method
To identify the body of published literature for energy expenditure during wheelchair activities, the databases PUBMED, ProQuest, and SportDiscus were searched using the search terms: wheelchair, disability, energy expenditure, physical activity, and VO 2 . Articles were prescreened and cross-referenced to identify those containing energy expenditure data for wheelchair activities. For inclusion in the review, studies were required to include (a) human participants who routinely use a manual wheelchair, (b) indirect calorimetry as the criterion measurement, (c) energy expenditure expressed as METs or VO 2 (L/min or ml/kg/min), and (d) physical activities typical of individuals who use wheelchairs. Studies that allowed less than 3 min to attain a metabolic steady state, or where the activity was performed for less than a total of 5 min, were excluded.
Energy expenditure is commonly reported as the metabolic equivalent (MET; Ainsworth et al., 2000) , where 1 MET = 3.5 ml of oxygen · kg body weight -1 · min -1 (Balke, 1960) . During our literature search, energy expenditure data for wheelchair activities were included if the data were presented as METs or oxygen uptake (VO 2 ) in ml·kg -1. min -1 . In studies that reported energy expenditure as kcal/ min or VO 2 in L·min -1 , the mean body mass of the participants reported for each study was used to convert the data to ml·kg -1. min -1 (Abel et al., 2003 (Abel et al., , 2008 Hiremath & Ding, 2009 ). Data were then converted to kcal·kg -1 ·hr -1 . In the case where multiple studies assessed the same activity, the activities were grouped across studies, and the energy expenditure values were reported as the weighted mean (i.e., mean EE, weighted by the number of participants in the study). Previous compendiums have reported the energy costs of activities expressed as METs. This can be a source of confusion in that the literature has reported one MET as the fixed value of 3.5 ml of oxygen · kg body weight -1 · min -1 (Balke, 1960) and as the measured resting metabolic rate (RMR; Dill, 1936) . Acknowledging that the RMR of some populations of individuals who use wheelchairs is not equal to 3.5 ml·kg -1 ·min -1 and that there is some controversy as to which definition of a MET is correct, we chose to express the energy cost of activities as kcal·kg -1 ·hr -1 . This can be calculated as
Results
A total of 266 studies were identified for potential inclusion in this paper. After reviewing the articles, 255 studies were eliminated as not meeting the inclusion/ exclusion criteria. Eleven studies met the inclusion/exclusion criteria and are presented in Table 1 . The eleven studies included a total of 365 participants, of which 87% were men. Two studies had sample sizes that were six or less (Burke, Auchininachie, Hayden, & Loftin, 1985; Hiremath & Ding, 2009 ) while four studies had sample sizes that were greater than 30 (Abel et al., 2008; Bernardi et al., 2010; Collins et al., 2010; Lee, Zhu, Hendrick, & Fernhall, 2010) . Most of the participants had a SCI at levels of C5 or below, but three studies also included participants with lower limb amputations (Abel et al., 2003; Bernardi et al., 2010; Burke et al., 1985) , and three studies included participants with poliomyelitis (Bernardi et al., 2010; Mukherjee, Bhowik, & Samanta, 2002; Mukherjee & Samanta, 2004) . The median number of participants in a study was 15. Participants were adults with mean ages ranging from 24.2 to 42.7 years.
Most of the studies reported that the participants were experienced in the specific activities that were completed. However, five studies did not address the level of experience the participants had with the specific activities that they performed: three of them did not report the experience level of the participants (Algood, Cooper, Fitzgerald, Cooper, & Boninger, 2004; Lee et al., 2010; Mukherjee et al., 2002) , and two only stated that the participants were individuals who used wheelchairs (Hiremath & Ding, 2009; Perdios, Sawatzky, & Sheel, 2007) . In eight of the studies, the metabolic cost was assessed using a portable metabolic system (Abel et al., 2008; Bernardi et al., 2010; Collins et al., 2010; Hiremath & Ding, 2009; Lee et al., 2010; Mukherjee et al., 2002; Mukherjee & Samanta, 2004; Perdios et al., 2007) , two used a laboratory based metabolic cart (Abel et al., 2003; Algood et al., 2004) , and one used Douglas bags attached to the participant's wheelchair (Burke et al., 1985) .
A total of 63 different wheelchair activities were identified with energy expenditure values ranging from 0.8 to 12.5 kcal·kg -1 ·hr -1 (Figure 1 ). The activities are grouped by major heading (Table 2) . Each major heading includes specific activities and their associated energy cost level (Table 3) . The activities had sample sizes that ranged from 2 to 166 (Table 4) . To investigate the energy cost between individuals who use wheelchairs and those who do not, selected physical activities listed in the Ainsworth compendium (2011) were compared with those in the wheelchair compendium (Table 5 ).
The studies employed several different methods in an attempt to ensure that exercise was performed at a submaximal intensity with minimal anaerobic contribution. Three studies measured VO 2peak before testing (Bernardi et al., 2010; Burke et al., 1985; Lee et al., 2010) . In three studies, participants self-selected the activity intensity (Collins et al., 2010; Mukherjee et al., 2002; Mukherjee & Samanta, 2004) . Rating of perceived exertion (RPE) was measured in two studies (Abel et al., 2008; Perdios et al., 2007) . Abel et al. (2003) performed a VO 2peak test before testing that included blood lactate and heart rate measurements. The intensities selected during activity testing were at heart rates that were equivalent to 2-4 mmol/L of blood lactate. Two studies (Algood et al., 2004; Hiremath & Ding, 2009 ) did not provide sufficient evidence that the activities were submaximal. Algood et al. (2004) had an investigator observe the data to ensure that a VO 2 plateau was reached during testing, but a plateau is not necessarily representative of a metabolic state, since it can also occur during a maximal or supra-maximal effort. Hiremath and Ding (2009) had each subject complete a practice session to ensure that they would be able to complete the eight minutes of testing. The activities used in these studies included wheelchair dynamometer at 10W, 12W, and 14W (range: 2.3-3.1 kcal·kg -1 ·hr -1 ; Algood et al., 2004) and wheelchair dynamometer at 2 and 3 mph, arm ergometer 20W at 60 rpm, 40W at 60 rpm, and 40W at 100 rpm and desk work (range: 1.0-4.3 kcal·kg -1 ·hr -1 ). When considering the use of a practice session before testing, however, the low energy expenditure levels for these activities, and the duration of the testing (8 min), we concluded that these activities were almost certainly submaximal. Several studies examined only participants with SCI, as opposed to the general population of individuals who use wheelchairs. To determine if differences exist in energy expenditure in SCI based on the level of injury, the activity data for participants with SCI were separated into "High Injury Level" (C8 and above) and "Low Injury Level" (T1 and below; Table 6 ). While there was a tendency for the energy expenditure of SCI with a high injury level to be lower, this difference only amounted to 0.32 kcal·kg -1 ·hr -1 on average.
The activities are organized with a unique 5-digit code for each activity to allow for efficient data entry (Table 3 ). The first digit indicates that the activity is wheelchair specific, digits two and three represent the activity category, and digits four and five represent examples of the specific activity. For example, for the activity coded as 90101, "9" represents that it is a wheelchair activity, "01" represents the activity category "Exercise," and "01" represents the specific activity "Aerobics." A complete list of all the studies and individual activities used in this analysis is provided in the Supplemental Digital Content for this article, accessible on-line at APAQ's website.
Discussion
A systematic review of the literature found 11 different studies that included 63 different activities performed by individuals who use wheelchairs. Previously, a compendium of 795 activities was completed for the general population (Ainsworth et al., 2011) . A number of activities in the present compendium were also included in Ainsworth's compendium (2011) . The energy costs of several of the household activities (such as mopping, showering, and bed making) are similar for individuals who use wheelchairs and those who do not, with the mean values being 0.3 kcal·kg -1 ·hr -1 (10%) lower for individuals who use wheelchairs (Table 4) . However, (Table 4) . There are two possible explanations for this: (a) without recruiting large muscle groups in the legs, it may be difficult to reach the same level of whole-body VO 2 , and (b) the maximal aerobic power (VO 2max ) of the individuals who do not use wheelchairs and who participated in the sport/recreation activities could have been higher, enabling them exercise more vigorously. Since most of the sport/recreation activities are performed at self-selected intensities, those who participated in the activities for the general population compendium may have selected higher intensities, partly due to their higher VO 2max . Energy expenditure during sport/recreation activities can vary from individual to individual (Abel et al., 2008; Bernardi et al., 2010; Collins et al., 2010) . In addition to having less active muscle mass available for recruitment after a SCI, there may be other factors that contribute to a decreased maximal exercise capacity. There is evidence to suggest that an impaired sympathetic nervous system limits control of regional blood flow and cardiac output after a cervical lesion (Devillard et al., 2007) . In addition, maximal heart rate following a cervical lesion may be drastically reduced to 110-130 beats per minute (Devillard et al., 2007) .
The resting metabolic rate (RMR) in individuals who use wheelchairs is, on average, lower than the textbook value 1.0 kcal·kg -1. min -1 (or 3.5 ml·kg -1. min -1 ) that represents a typical value for the general population of adults. In the studies included in this review, which included RMR measurements of 166 individuals who use wheelchairs, the average RMR was 0.8 kcal·kg -1 ·hr -1 ( Table 2 ). Given that the majority of the participants in these studies had some level of SCI, the lower RMR can partially be explained by the decrease in metabolically active tissue related to muscular atrophy in the lower limbs. It has also been suggested that the level of injury is correlated with RMR, as those with higher spinal lesions usually have lower RMRs (Mollinger et al., 1985) . In addition, diminished sympathetic nervous system activity after paralysis also influences resting energy expenditure. Monroe et al. (1998) found that absolute RMR was lower in spinal cord injured adults, even after controlling for fat free mass, fat mass, and age. This suggests that reductions in peripheral sympathetic nervous system activity are related to lower resting energy expenditure (Saad et al., 1991; Spraul et al., 1993) .
In individuals with SCI, the level of injury is an indicator of the amount of muscle tissue that can be recruited by voluntary contractions. During physical activity, combining data for individuals with different levels of injury may appear to be an oversimplification. Collins et al. (2010) chose to report the energy expenditure data grouped by level of injury and completeness of the injury. This reduced the number of participants in many activities to < 5 per activity. The authors reported that the RMR data were not statistically different between individuals with higherlevel and lower-level injuries (Collins et al., 2010) . The authors did not statistically test whether the MET levels of physical activities differed by level or completeness of injury, likely due to low statistical power for a majority of their groups (median n per group = 3); however, Lee et al. (2010) reported that there was no statistical difference in the energy expenditure of the activities when controlling for level and completeness of the injury. Our review found that the energy costs of physical activities in individuals with high-level and low-level lesions are similar (Table 5) . Thus, we chose to average the data for similar activities for all individuals, regardless of the type of disability and level of SCI, so that the values in Table 2 would be generally applicable to all individuals who use wheelchairs. The current compendium is intended for the general population of individuals who use wheelchairs, just as Ainsworth's compendium (2011) is intended for the general population of adults (not subdivided by age, gender, or fitness). However, in individuals with SCI, if more specific information is available on the level and completeness of injury, then researchers might consider using the study of Collins et al. (2010) to obtain more precision in energy cost estimates.
In the future, this compendium could be used to enhance the way that physical activity is assessed among individuals who use wheelchairs within current national surveys (e.g., NHANES); however, this would require NHANES to obtain some additional information. For example, the current NHANES assesses disability level by whether a person can perform certain activities of daily living (ADLs) and instrumental activities of daily living (IADLs; Seeman, Merkin, Crimmins, & Karlamangla, 2010) . In addition, mobility disability is assessed through two questions asking whether they have difficulty walking one-quarter mile without difficulty and climbing 10 steps without rest (Agree, 1999) . With regard to assistive devices, the current NHANES only asks people if they "now have any health problem that requires you to use special equipment, such as a cane, a wheelchair, a special bed, or a special telephone." To enhance the assessment of physical activity in individuals who use wheelchairs, the type of assistive device a person uses should be determined. If it is a wheelchair, it should be determined if it is electric powered or manual. The wheelchair compendium could then be used to take the activities reported by the respondents in manual wheelchairs and estimate the energy expenditure of those activities. This information, along with self-reported frequency and duration of bouts already obtained by NHANES, would improve the assessment of physical activity energy expenditure.
In addition to providing a source for scoring physical activity questionnaires for individuals who use wheelchairs, this compendium can serve to inform individuals who use wheelchairs of the importance of using manual wheelchairs. In recent years, there has been an increase in the use of power wheelchairs (LaPlante & Kaye, 2010) , and people using power wheelchairs now comprise 17% of all wheelchair users (Kaye, Kang, & LaPlante, 2000) . While power wheelchairs are necessary for some people, it is unfortunate that they may be depriving others of beneficial physical activity accumulated through activities of daily living and sports/recreation. A wheelchair-related compendium could be useful in promoting the benefits of physical activity to this population.
The 2008 Physical Activity Guidelines for Americans (U.S. Department of Health and Human Services, 2008) states that adults with disabilities should accumulate 150 min per week of moderate-intensity (3.0-5.9 METs), 75 min per week of vigorous-intensity (≥ 6.0 METs) physical activity, or an equivalent combination of moderate-and vigorous-intensity activities. The present compendium identifies 25 wheelchair activities that are moderate and 6 activities that are vigorous. Despite some barriers to physical activity, there are many activities that can be performed by individuals who use wheelchairs to achieve health benefits.
Conclusions
We developed a compendium of physical activities for individuals who use wheelchairs that can be used as a resource for coding physical activity questionnaires in this population. Based on published data, this compendium summarizes the energy expenditure data into a single source. Additional research on the energy costs of various activities in individuals who use wheelchairs is needed to expand upon the information contained in the compendium.
End Note
Supplemental Digital Content: A complete list of all of the data used in this study. Similar activities were grouped together and a weighted mean was calculated for each activity. This list is available on-line at the APAQ website.
